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ABSTRACT  
One-dimensional magnetic Ni Co alloy microwires with different microstructures and differently shaped 
building blocks including spherical particles, multilayer stacked alloy plates, and alloy flowers, have been 
synthesized by an external magnetic field-assisted solvothermal reaction of mixtures of cobalt(II) chloride 
and nickel(II) chloride in 1, 2-propanediol with different NaOH concentrations. By adjusting the experimental 
parameters, such as precursor concentration and Ni/Co ratio, Ni Co alloy chains with uniform diameters in 
the range 500 nm to 1.3 μm and lengths ranging from several micrometers to hundreds of micrometers can be 
obtained. A mechanism of formation of the one-dimensional assemblies of magnetic Ni Co microparticles in a 
weak external magnetic fi eld is proposed.
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Introduction 

In the past decades, transition metal nanostructures, 
especially those of Fe, Co, and Ni, have attracted 
considerable attention from scientists and engineers 
owing to their unique optical [1], magnetic [2], 
electrical [3], and catalytic properties [4] and their 
extensive technological applications [2, 5, 6]. As one 
important class of transition metal alloys, Ni Co 
alloys have high mechanical strength [7], good wear 
resistance [8], anticorrosive performance [9], thermal 
conductivity [10], thermal stability [11], electrical 
conductivity, electrocatalytic activity [12, 13], and 
specific magnetic properties [14, 15], indicating that 
Ni Co alloys should be good high-temperature 

catalysts and specific magnetic materials, and that 
they can be applied in some high-temperature 
electrochemical devices, such as solid oxide fuel 
cells (SOFCs) [16] and some electromagnetic devices, 
such as magnetic recording devices, ferrofluid 
dynamotors, and magcards [17, 18].

Micro- and nanoscale Ni Co alloy structures 
have been prepared by many methods, including 
electrochemical reduction [19, 20], mechanical 
alloying [21], leaching techniques [22], sol gel routes 
[23], thermal decomposition of organometallic 
precursors [24], polyol reduction [25, 26], and 
reduction of metal salts by other strong reducing 
agents [27, 28]. Recently, several groups have 
reported the synthesis of one-dimensional Ni Co 
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nanomaterials. For example, Ni Co alloy nanowire 
arrays were prepared by co-electrodepositing Co(II) 
and Ni(II) into the pores of porous anodic aluminum 
oxide templates [29], Ni Co needle-like alloys were 
synthesized in water-in-oil microemulsions [30], 
hexagonal Ni Co nanowires were synthesized by 
heterogeneous nucleation in liquid polyols [25, 
26] and chain-like Ni Co alloys were synthesized 
by reduction of Co(II) and Ni(II) using hydrazine 
hydrate with the assistance of a surfactant [28]. 
However, all the above-mentioned synthetic methods 
require the use of either hard templates or surfactants 
or involve multiple steps. 

An external magnetic field has been found to be 
an important tool for controlling the synthesis and 
assembly of magnetic materials. In recent years, 
a few groups have employed magnetic fields to 
assemble magnetic materials in order to obtain one-
dimensional nanostructures. For example, nickel 
wires and Fe3O4 nanowires have been synthesized 
under the influence of magnetic fields [31 33], 
phase-selective synthesis of ferrosulfide microrods 
has been realized by a hydrothermal process using 
an amino acid additive under the influence of an 
external magnetic fi eld [34], Wang et al. synthesized 
necklace-like noble metal hollow nanoparticle chains 
by using necklace-like Co nanoparticle chains, 
previously synthesized in a magnetic field-induced 
process, as a sacrificial template [35], and Gu et al. 
demonstrated the alternating current magnetic fi eld-
induced assembly of magnetite nanoparticles and 
its close relationship with the surface charge [36]. 
In addition, magnetic fields have also been used to 
direct the alignment of vanadium pentoxide ribbons 
[37], mouse osteoblast cells [38], carbon nanotubes 
[39], and polystyrene nanoparticles in an aluminum 
ferrite layered block [40]. Recently, our group has 
reported that Ni Co nanochains and magnetic 
flux-closure nanorings can be prepared directly in 
high yield in triethylene glycol solution containing 
polyvinylpyrrolidone (PVP) [41].

To the best of our knowledge, magnetic field-
induced synthesis of one-dimensional Ni Co alloy 
microstructures with control over the shape of 
the building blocks has not been reported to date. 
Moreover, little attention has been paid to the effect 

of varying the precursor concentration on the length 
of alloy chains in the presence of a constant magnetic 
fi eld. 

In this paper, we demonstrate a magnetic field-
guided solvothermal synthesis of one-dimensional 
magnetic Ni Co alloy microwires with different 
microstructures and differently shaped building 
blocks using mixtures of cobalt(II) chloride and 
nickel(II) chloride in 1, 2-propanediol with different 
NaOH concentrations. A possible mechanism of 
formation of the one-dimensional assemblies of 
magnetic Ni Co microwires under the influence of 
the weak external magnetic fi eld has been proposed.  

1. Experimental

NiCl2·6H2O, CoCl2·6H2O, NaOH, hexamethyl-
enetetramine (HMT), PVP, cetyltrimethylammonium 
b r o m i d e  ( C TA B ) ,  s o d i u m  o l e a t e  ( S O A ) , 
dodecylbenzene sulfonic acid sodium salt (DBS), 
1, 2-propanediol, and ethanol were purchased from 
the Shanghai Reagent Company (China). All reagents 
were of analytical grade and were used without 
further purifi cation.

1.1   Synthesis of NixCo1 x alloys with different 
morphologies

In a typical synthesis of Ni0.5Co0.5 alloy, NiCl2·6H2O 
(0.3 mmol), CoCl2·6H2O (0.3 mmol), and hexa-
methylenetetramine (0.9 mmol) were added to 
1, 2-propanediol (30 mL) and heated for 10 min 
at 120 °C, and then a certain amount of sodium 
hydroxide was added and the mixture heated at 
this temperature until a homogeneous solution was 
obtained. The solution was transferred to a 50 mL 
Teflon-lined stainless steel autoclave. The autoclave 
was sealed and maintained at 170 °C for 20 h. 

1.2   Synthesis of one-dimensional NixCo1 x alloy 
structures

One-dimensional NixCo1 x alloy structures were 
synthesized under the above conditions in the 
presence of a 0.08 T external magnetic field. After 
the solution was cooled to room temperature, the 
resulting black solid products were separated by 
means of their attraction to an external magnet, 
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and then washed three times with distilled water 
and absolute ethanol. The product was dried under 
vacuum at 60 °C for 4 h.  

1.3   Characterization

X-ray diffraction (XRD) patterns were recorded on a 
Philips X’pert diffractometer with Cu Kα radiation 
(λ=1.54178 Å). The morphology and structure of 
the samples were studied by fi eld emission scanning 
electron microscopy (FE-SEM, JEOL JSM-6300F) and 
transmission electron microscopy (TEM, Hitachi, 
H-800) with an accelerating voltage of 200 kV. 
High-resolution transmission electron microscope 
(HRTEM) photos and selected area electron 
diffraction (SAED) patterns were obtained on a 
JEOL-2010 transmission electron microscope. Local 
energy-dispersive X-ray spectrum (EDS) analysis was 
performed using an Oxford INCA system with the 
smallest analysis spot of 10 nm.

2. Results and discussion  

2.1   Structure and morphology of Ni Co alloy 
microstructures synthesized in the absence of a 
magnetic fi eld

Different NixCo1 x alloy microstructures were 
synthesized at an elevated temperature in 1, 2-
propanediol solution containing varying amounts of  
NaOH. In these reactions, the 1, 2-propanediol acts as 
both the solvent and the reducing agent.  

When the concentration of NaOH was 0.1 mol / L, 
cubic NixCo1 x alloy microparticles were obtained. 
Figure 1 shows XRD patterns of the microparticle 
powders with different compositions. The peaks can 
be indexed to four planes〈111〉,〈200〉,〈220〉, and
 〈311〉of an fcc phase. No other impurity peaks can 
be observed. The XRD patterns are very similar to 
those of both Co and Ni, although slight variations in 
peak positions can be observed. In particular, the (200) 
peak always lies between the positions of the (200) 
peaks for pure Ni and pure Co, and moves towards 
the position of the Co (200) peak with increasing 
Co content. The lattice constants of the materials 
increase with increasing Co content, with the values 
for Ni0.8Co0.2 , Ni0.5Co0.5, and Ni0.2Co0.8 being 3.518 Å, 

Figure 1   XRD patterns of CoxNi1 x powders prepared at 170 °C for 

20 h by reduction in 1,2-propanediol with different molar ratios of 

Ni/Co: (a) 1:4; (b) 1:1; (c) 4:1. [NaOH] = 0.1 mol / L

3.520 Å, and 3.529 Å, respectively. These results are 
consistent with the formation of alloys of nickel and 
cobalt [24, 27, 30, 42]. 

An HRTEM image (Fig. 2(b)) of the edge of the 
particle shown in Fig. 2(a) reveals that the fringes 
have a lattice spacing of 2.05 Å, which corresponds 
to the {111} interplanar distance in Ni Co fcc solid 
solution alloys. The SAED pattern of Ni0.5Co0.5 shows 
that some isolated particles are single crystalline 
in nature (Fig. 2(c)). The diffraction pattern in Fig. 
2(c) can be indexed as the [001] zone axis of the fcc 
structure, with a calculated lattice constant of 3.51 Å. 

Energy dispersive X-ray spectroscopy (EDS) was 
performed on different particles. Figure 2(d) shows 
a representative EDS spectrum of the central part of 
a Ni0.5Co0.5 particle. The Ni/Co molar ratios obtained 
from the spectra were found to be almost constant, 
with a mean value of 51∶49 (Fig. 2d). EDS analysis 
was also performed on alloy particles with different 
Ni Co compositions, such as Ni0.8Co0.2 and Ni0.2Co0.8. 
The mean Ni/Co molar ratios in the alloy products 
were found to be very close to the molar ratios of the 
corresponding precursors, namely Ni0.81Co0.19 and 
Ni0.15Co0.85 (see Figs. S-1, S-2, S-3, Tables S-1, S-2, S-3 
in the Electronic Supplementary Material (ESM)).    

From Fig. 3, it can be seen that varying the 
reaction temperature has no marked effect on the 
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average particle size but the degree of uniformity of 
the particles was found to depend strongly on the 
temperature. At different reaction temperatures, the 
average particle size was always about 1 μm. The size 
distribution of the particles obtained at 160 °C was 
broad and in the range 200 nm to 1.3 μm (Fig. 3(a)). 
Relatively uniform particles with a size of 900 nm 
(±50 nm) were obtained at 170 °C (Fig. 3(b)). A 
further increase in temperature to 180 °C, led to the 
particles becoming non-uniform again with their 
sizes ranging from 200 nm to 1.1 μm as shown in Fig. 
3(c). Reduction of the metal ions becomes difficult 
at reaction temperatures below 160 °C. For example, 
NixCo1 x particles were obtained in low yield at 150 °C.
When the temperature was further lowered to 140 °C, 
Ni(II) or Co(II) cannot be reduced at all. Based on 
these experiments, the optimal temperature to obtain 
uniform alloy particles is 170 °C.

It was found that Co(II) ions alone were only 
reduced with diffi culty at 170 °C in 1,2-propanediol 

with an NaOH concentration of 0.1 mol/L, but that 
reduction of Ni(II) alone occurred readily under 
the same conditions. Thus, the reduction of Co(II) 
is clearly enhanced in the presence of nickel. This 
could be due to cathodic polarization of the Ni 
particles by electron transfer from radicals and the 
subsequent reduction of Co(II) directly on the surface 
of Ni particles. Henglein et al. reported a similar 
phenomenon in their synthesis of tin gold alloy 
particles [43], as did Jiang et al. in their synthesis 
of copper-silver alloy nanoparticles [44]. Since the 
differences in oxidation-reduction potentials between 
Ni(II) and Co(II) in basic solution are smaller than 
those between Sn(II) and Au(III), or Cu(II) and Ag(I), 
it is reasonable to assume that when Ni(II) is reduced 
by polyol, electron transfer in solution will induce 
the simultaneous reduction of Co(II), leading to the 
formation of an alloy phase. 

Although the effect of varying the reaction time 
on the shape of particles is not very marked as long 

Figure 2   (a) TEM image of a single Ni0.5Co0.5 particle with a comparatively small size; (b) HRTEM of the area 
enclosed by the white box in (a); (c) selected area electron diffraction pattern of a selected particle; (d) energy-
dispersive X-ray spectrum (EDS) of the central part of an Ni0.5Co0.5 particle
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Figure 3   SEM images of Ni0.5Co0.5 particles synthesized in polyol at different temperatures: (a) 160 °C; (b) 170 °C; (c) 180 °C. [NaOH] 
= 0.1 mol / L

as it exceeds 4 h, longer reaction times 
favor the formation of more uniform alloy 
particles. Generally, in our experiments, 
the reaction time was set to 16 20 h, so 
as to prepare uniform alloy particles (see 
Fig. S-4 in the Electronic Supplementary 
Material (ESM)). 

The addition of limited amounts of 
HMT can improve the monodispersity of 
particles, but the concentration was always 
kept under 0.09 mol/L, and about 1.5 
times of that of metal precursors. At higher 
concentrations of HMT, the separation 
of the products from solution is difficult 
as a large amount of organic flocculation 
appeared in the polyol solution. Different 
Ni2+ and Co2+ sources were also used to 
prepare Ni Co alloy particles, including 
acetate, acetylacetonate, and sulfate salts. 
It was found that uniform NixCo1 x particles were 
obtained in each case and the morphology of the 
particles is almost independent of the anion. 

When the concentration of NaOH was increased 
from 0.1 mol/L to 1.0 mol/L, the morphology of 
products changed from spherical particles to 
multilayer stacked structures (Figs. 4(a), (b)). Each 
stacked structure is composed of alloy plates with 
thicknesses of several tens of nanometers. XRD 
shows that these alloy plates are still an fcc phase 
(see Fig. S-5 in the ESM). With a further increase in 
the concentration of NaOH to 2 mol/L or 6 mol/L, 
the products gradually turn into “alloy flowers” 
composed of many small alloy plates (Figs. 4(c), (d)). 
Apparently, NaOH concentration is the main factor 
affecting the morphology of the alloy particles. 

2 .2   S t ructures  and morphology  of  Ni Co 
microparticles synthesized in the presence of a 
magnetic fi eld

A 0.08 T external magnetic fi eld was applied during 
the synthesis in order to study the effect of an external 
magnetic fi eld on the assembly of the magnetic alloy 
products. When the NaOH concentration was 0.1 
mol/L, alloy microchains could be produced. Figure 5
shows SEM images of alloy particles prepared in the 
absence and in the presence of an external magnetic 
field. Nearly monodisperse alloy particles were 
formed without an external magnetic fi eld (Fig. 5(a)), 
but long straight single chain-like structures were 
obtained in the presence of an external magnetic fi eld 
(Fig. 5(b)). Obviously, the external magnetic field 
plays a key role in the formation of one-dimensional 

Figure 4   SEM images of Ni0.5Co0.5 synthesized in 1,2-propanediol at 170 °C with 
different concentrations of NaOH: (a) [NaOH] = 1 mol / L; (b) [NaOH] = 1 mol / L; 
(c) [NaOH] = 2 mol / L; (d) [NaOH] = 6 mol / L
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chainlike NixCo1 x structures.  
Similarly, one-dimensional assemblies of alloy 

microstructures can be obtained by increasing 
the NaOH concentration under a 0.08 T applied 
magnetic field. Figure 6 shows SEM images of the 
one-dimensional assemblies of alloy microstructures 
obtained with different NaOH concentrations. 
When the concentration of NaOH was 1 mol/L, the 
products were mainly composed of one-dimensional 
assemblies of multilayer stacked alloy plates (Figs. 
6(a), (b)). Figure 6(b) shows that the nanoplates in 
these multilayer stacked structures are disordered 
under the applied field, and the nanoplates do not 

s h o w  a n  o rd e re d  o n e -
dimensional arrangement 
along the magnetization 
direction, since this would 
result  in a higher-level 
parallel stacked structure 
composed of multilayer 
stacked alloy plates. This 
seems to indicate that the 
one-dimensional arrange-
ment of these alloy plates 
can be attributed to in situ 
growth of alloy products, 

rather than rearrangement of previously formed 
alloy plates, and that their growth direction was 
not affected by such a weak applied fi eld. At higher 
NaOH concentrations (2 mol/L and 6 mol/L), one-
dimensional assemblies were still obtained. However, 
these one-dimensional assemblies were composed of 
disordered smaller alloy plates (Figs. 6(c), (d)), rather 
than the stacked alloy plates synthesized with 1 mol/
L NaOH solution.  

Based on the above experiments, a possible 
mechanism for the formation of the one-dimensional 
assemblies of Ni xCo1 x alloy products can be 
proposed. Initially, a large number of NixCo1 x nuclei 

precipitate out of polyol solution at 
high temperature. These are then 
magnet ized under  the  external 
m a g n e t i c  f i e l d .  D i p o l e d i p o l e 
interaction will tend to make them 
form ordered arrays, but as the nuclei 
are so small the dipole interactions 
are not strong enough to overcome 
m o l e c u l a r  r e s i s t a n c e  o f  r i g i d 
molecules, such as HMT, and there 
are some gaps between neighboring 
nuclei.  With prolonged reaction 
times, these nuclei gradually grow in 
size. In the case of one-dimensional 
assembly of alloy particles, the gaps 
between neighbouring nuclei will be 
fi lled by growing alloy nuclei and the 
larger alloy particles will be affected 
more markedly by the  external 
magnetic field. Finally, neighboring 

Figure 5   SEM images of samples prepared in 1,2-propanediol at 170 °C for 20 h: (a) SEM images 
of Ni Co particles prepared in the absence of a magnetic field; (b) SEM images of Ni Co particles 
prepared in the presence of a magnetic fi eld.  [NaOH] = 0.1 mol/L

Figure 6   (a), (b) SEM images with different magnifi cations of the samples prepared in 
1,2-propanediol when the concentration of NaOH is 1 mol / L. SEM images of the samples 
when the concentrations of NaOH are 2 mol / L (c) and 6 mol / L (d), respectively. A 0.08 T 
applied magnetic fi eld was applied in each case
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particles will come into contact and link together to 
form chainlike structures under the infl uence of the 
magnetic fi eld. The resulting chains keep parallel with 
the external magnetic force lines and form straight 
chain-like structures. The mechanism of formation 
of one-dimensional assemblies of alloy plates is 
similar to that for the formation of alloy particle 
chains. Ordered alloy nuclei with gaps between them 
grow by an in situ process along particular growth 
directions to form alloy plates. Larger plates are 
more signifi cantly affected by the external magnetic 
field, leading to the formation of one-dimensional 
assemblies with different orientations of alloy plates. 
In order to further understand the magnetic field-
induced assembly process, the assembly of alloy 
particles under different conditions with a constant 
magnetic fi eld was studied.

First of all, the effect of varying precursor 
concentration on the assembly process was studied. In 
the experiments, the external magnetic field and the 
concentration of NaOH were kept constant, and the 
molar ratio of HMT to metal ions was kept at 1.5:1. 
Figure 7 shows that the average size of the particles 
decreased slightly and the length of the chains 
decreased significantly with increasing precursor 
concentration. For example, when the precursor 
concentration was 0.02 mol/L, the 
average length of alloy chains was 
about 150 μm (Fig. 7(a)). When the 
precursor concentration was 0.03 mol/
L, most chains only had a length in the 
range 10 μm to 20 μm (Fig. 7(b)). When 
the concentration was 0.04 mol/L, 
the average chain length decreased 
further to about 6 μm (Fig. 7(c)). 
When the concentration reached 0.06 
mol/L, the influence of the external 
magnetic fi eld nearly disappeared and 
the shape of the products was almost 
the same as that of products obtained 
in the absence of an external magnetic 
field (Fig. 7(d)). The marked effect of 
precursor concentration on the length 
of the alloy chain is consistent with 
the formation mechanism of the one-
dimensional alloy microstructures 

proposed above, showing the existence of some 
molecular resistance. The precursor concentration only 
has a slight effect on the particle size. It was found 
that the average particle sizes for increasing precursor 
concentrations of 0.02 mol/L, 0.03 mol/L, 0.04 mol/L, 
and 0.06 mol/L, showed a gradual decrease with the 
values being 900 nm, 800 nm, 750 nm, and 600 nm, 
respectively.  

Interestingly, the length of the particle chains 
depends on the precursor concentration. On the 
one hand, with increasing HMT concentration (the 
precursor:HMT ratio being fi xed), some complicated 
elevated temperature chemical reactions in such a 
polyol system will lead to the generation of new 
organic molecules, as suggested by the presence 
of a large amount of organic flocculation at high 
HMT concentrations. These organic products might 
inhibit the mutual attraction between particles and 
promote the formation of separate and dispersed 
particles. On the other hand, as higher reaction 
rates occur at high concentration, many nuclei will 
appear at the beginning of the reaction and then 
grow to form a large number of particles. Under 
an external magnetic field, each particle can be 
regarded as a small magnet after it is magnetized, 
and these small magnets will themselves generate 

Figure 7   SEM images of Ni0.5Co0.5 chains synthesized using different precursor 
concentrations in a constant external magnetic fi eld. The precursor concentrations for (a), 
(b), (c), (d) were 0.02 mol / L, 0.03 mol / L, 0.04 mol / L, and 0.06 mol / L, respectively
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magnetic force lines which affect the magnetization 
and arrays of other particles. Thus, at high precursor 
concentrations, each particle will be affected by 
more weak local magnetic fi elds generated by other 
particles than is the case for low concentrations, 
the magnetization degree of each particle will 
thus decrease, and the attraction between adjacent 
particles becomes weaker, so that the stability of 
chains becomes lower, and fi nally dispersed particles 
and shorter chains are formed. Scheme 1 shows the 
possible formation mechanism of short chains under 
the synergistic effect of the external magnetic field 
and local magnetic fields. It needs to be stated that 
the proposal that a combination of the above two 
factors induces the formation of short chains is based 
on experiment, because it was found that the length 
of the alloy chain was not changed so signifi cantly by 
merely changing one of the two factors, i.e., keeping 
the HMT concentration constant and varying the 

precursor concentration or vice versa. 
Alloy chains with different Ni Co composition 

have also been studied.  In this  case,  NaOH 
concentration and total precursor concentration were 
kept constant. It was found that chains with nearly 
the same structure were obtained, but the particle 
sizes and the lengths of the chains were different. 
Figure 8 shows that the average sizes of Ni0.2Co0.8 , 
Ni0.5Co0.5 and Ni0.8Co0.2 particles are about 800 nm, 
900 nm, and 500 nm, respectively, and the average 
lengths of the chains are about 80 μm, 150 μm, and 
250 μm, respectively. Figure 8(c) shows super long 
and straight Ni0.8Co0.2 alloy chains, with some chain 
lengths reaching hundreds of micrometers. Figure 
8(d) shows a higher magnifi cation SEM image of the 
Ni0.8Co0.2 alloy chains, which shows closer contacts 
between adjacent particles and more ordered 
alignment of particles than those found in the 
Ni0.5Co0.5 and Ni0.2Co0.8 particles. This suggests that 

Scheme 1   Schematic illustration of the formation process of chain-like particles in the presence of 
an external magnetic fi eld. If it is assumed that chains of the same length are formed at different 
precursor concentrations, then more chains will be formed at higher precursor concentrations. N and 
S represent the North Pole and South Pole, respectively, of two external permanent magnets. Red and 
black lines represent external fi eld magnetic force lines and interior magnetic force lines generated 
by the alloy chains, respectively: (a) magnetic states at low precursor concentration, where blue dots 
represent Ni0.5Co0.5 particles; (b) magnetic states when the precursor concentration is twice that in 
(a), where yellow dots represent more newly formed chain-like particles with increased precursor 
concentration; (c) the green chain shows that a single chain will be affected by more chains in the 
case of high precursor concentration and is disturbed by many local weak magnetic fi elds generated 
by short chains; (d), (e) with increasing precursor concentration, more short chains will be formed as 
the magnetic intensity becomes weaker

（a） （b） （c）

（e） （d）
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since Ni has a larger susceptibility, with increasing 
Ni content in the alloy, the particles will be affected 
more markedly by an external magnetic fi eld.  

Finally, it  was found that the influence of 
surfactant on the particle size and distribution 
was not significant. Addition of PVP led to a 
slight decrease in the size of particles and poorer 
dispersivity of the particles, because PVP molecules 
were usually coated on the surface of particles 
and were difficult to wash away completely (Fig. 
9(a)). Cetyltrimethylammonium bromide (CTAB) 
and sodium oleate (SOA) also had no obvious 
influence on the size and morphology of the alloy 
particles (Figs. 9(b), (c)). The reason might be that 
the preferential complexation of Ni(II) and Co(II) 

Figure 8   (a), (b), (c) Low-magnifi cation SEM images of long chain-like Ni0.2Co0.8, Ni0.5Co0.5, 
Ni0.8C0.2 particles  formed in the presence of an external magnetic fi eld. The insert in (b) is 
a high-magnifi cation image of Ni0.5Co0.5 particles. (d) Higher magnifi cation SEM image of 
chain-like Ni0.8Co0.2 particles. The precursor concentration was kept constant (0.02 mol / L)

Figure 9   SEM images of the Ni0.5Co0.5 products synthesized in 1,2-propanediol with addition of different surfactants 
under a constant magnetic fi eld: (a) PVP; (b) CTAB; (c) SOA. [NaOH] = 0.1 mol / L, 170 °C, 20 h

with hydroxide ions disturbs the 
interaction of the surfactants with 
metal ions, because smaller alloy 
particles can be obtained at higher 
reaction temperatures in such a polyol 
process with addition of surfactant 
but without sodium hydroxide (see 
Fig. S-6 in the ESM).  

3. Conclusions 

I n  s u m m a r y,  o n e - d i m e n s i o n a l 
magnetic Ni Co alloy microwires 
with different microstructures and 
building blocks with a variety of 
morphologies including spherical 
particles, multilayer stacked alloy 
plates, and alloy flowers, can be 
synthesized by an external magnetic 
field-assisted solvothermal reaction 
of a mixture of cobalt(II) chloride and 

nickel(II) chloride in 1,2-propanediol with different 
NaOH concentrations. Alloy chains with uniform 
diameters in the range 500 nm to 1.3 μm and lengths 
ranging from several micrometers to hundreds 
of micrometers can be selectively synthesized by 
tuning the precursor concentration and Ni/Co ratio. 
A possible mechanism for the formation of one-
dimensional assemblies of magnetic particles and 
the dependence of the length of the alloy chains on 
precursor concentration in the presence of a weak 
external magnetic field has been proposed. Further 
studies of the magnetic properties and potential 
applications of these alloys as anode materials in 
solid oxide fuel cells are underway in our laboratory.  
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